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Stu¨ckelberg model and Composite Z ′
Michio Hashimoto
Chubu University, 1200 Matsumoto-cho, Kasugai-shi, Aichi, 487-8501, JAPAN
Based on Ref. [1], we study a composite Z′ model which effectively induces the Stu¨ckelberg model
in low energy. It turns out that the mass of the composite Z′ boson contains the Stu¨ckelberg
mass term in sharp contrast to the conventional Z′ model. We also find that the masses of the
composite scalar and the right-handed neutrinos are determined by the infrared fixed points. If
future experiments confirm that the gauge coupling g of Z′ is sufficiently large, say, g2/(4pi) & 0.015
for the U(1)B−L model, and also establish the existence of the Stu¨ckelberg mass term for Z
′, it
might be evidence of the compositeness of Z′.
I. INTRODUCTION
The standard model (SM) was almost confirmed by the discovery of the Higgs boson [2]. It turns out that
the perturbation theory works up to high energy near the Planck scale. Is there a room for strongly interacting
theories such as (walking) Technicolor, top condensate and other models [3, 4]?
We here explore a possibility of a composite Z ′ which effectively induces the Stu¨ckelberg model in low
energy [5, 6]. If the strong coupling region is around the Planck or the GUT scale, a big U(1) gauge coupling g
is not necessarily needed in low energy. For the U(1)B−L model, g2/(4pi) & 0.015 is sufficient. We find that the
masses of the extra scalar and the right-handed neutrino are controlled by the infrared fixed points. In sharp
contrast to the conventional U(1)B−L model, the Z ′ mass inevitably has the contribution of the Stu¨ckelberg
mass term in the composite Z ′ model. This extra contribution to the Z ′ mass might be the remnant of the
strong dynamics in high energy.
II. STU¨CKELBERG MODEL AND COMPOSITE VECTOR BOSON
Let us start from a model with a Majorana-type scalar four-fermion coupling and a vector one:
L = η¯i/∂η +GS(ηcη)(ηηc)−GV (ηγµη)2, (1)
where η is a two-component fermion, for example, a right-handed neutrino, and ηc is the charge conjugation.
By introducing composite scalar and vector fields, φ ∼ ηηc, φ† ∼ ηcη, and Aµ ∼ ηγµη, we can rewrite the
theory in terms of the system of the fermion, and the composite scalar and vector bosons.
In low energy, the composite scalar and vector fields acquire the kinetic terms via the bubble diagrams. Then
the induced effective theory in a low energy scale µ is
Leff = η¯i /Dη + Zφ|Dµφ|2 −M2φφ†φ− λφ(φ†φ)2 − ηcηφ− ηηcφ† −
ZA
4
FµνF
µν +
1
2
f2A2µ, (2)
where Dµη = ∂µη− iAµη, Dµφ = ∂µφ+2iAµφ, and the scalar quartic coupling λφ is also induced by the bubble
diagram. The wave function renormalization constants are
Zφ =
1
16pi2
log Λ2/µ2, ZA =
1
24pi2
log Λ2/µ2, (3)
where we used the proper time regularization. Introducing g ≡ Z−1/2A and y ≡ Z−1/2φ , and rescaling Aµ and φ
as Aµ → gAµ and φ→ yφ, respectively, the effective theory has the canonical kinetic terms,
Leff = η¯i /Dη + |Dµφ|2 − M˜2φφ†φ− λ˜φ(φ†φ)2 − yηcηφ− yηηcφ† −
1
4
FµνF
µν +
1
2
g2f2A2µ . (4)
The field-dependent rotations for the fermion and scalar variables,
ϕ ≡ eiB(x)gf η, ϕ ≡ e−iB(x)gf η, χ ≡ e−2iB(x)gf φ, χ† ≡ e2iB(x)gf φ†, (5)
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and the redefinition of the gauge field A˜µ ≡ Aµ + 1gf ∂µB yield
Leff = ϕ¯(i/∂ + g /˜A)ϕ + |(∂µ + 2igA˜µ)χ|2 − M˜2χχ†χ− λ(χ†χ)2 − yϕcϕχ− yϕϕcχ†
−1
4
FµνF
µν +
1
2
g2f2
(
A˜µ − 1
gf
∂µB
)2
. (6)
It is nothing but the Stu¨ckelberg model with the complex scalar field [5, 6]. Since we introduced the redundant
field B(x), we should add a delta function δ(ξB − 1) with ξB ≡ ei
B(x)
gf in the path integral, which is connected
with the gauge fixing term. Note that we cannot avoid quadratically fine-tuning to the mass terms of the
composite scalar and vector fields in this Nambu-Jona-Lasinio (NJL) picture.
In this way, by introducing the Stu¨ckelberg scalar field B(x) as in Eq. (5), the original global U(1) symmetry
in Eq. (1) is upgraded to the local one in Eq. (6). We also find that the Stu¨ckelberg model as a low energy
effective theory corresponds to the composite model in a high energy scale Λ, when we impose the compositeness
conditions in the context of the renormalization group equations (RGE’s) [7],
1
g2(Λ)
=
1
y2(Λ)
= 0,
λ(Λ)
y4(Λ)
= 0 . (7)
III. COMPOSITE Z′ MODEL
Let us study the U(1)B−L extension of the SM:
L = LSM + Lν + Lχ + LZ′ + Lgf , (8)
where LSM represents the SM part, and
Lν =
∑
f=1,2,3
νfRi /Dν
f
R (9)
Lχ = |Dµχ|2 −M2χχ†χ− λχ(χ†χ)2 − λχH |H |2|χ|2 − Yjkνj cR νkRχ− YjkνjRνk cR χ†, (10)
LZ′ = −1
4
FµνF
µν +
1
2
g2f2
(
Aµ − 1
gf
∂µB
)2
. (11)
The SM Higgs doublet and the gauge fixing term are denoted by H and Lgf , respectively. The U(1) part of the
covariant derivative is
Dµ = ∂µ − iQY (gY Yµ + g˜Aµ)− igQB−LAµ, (12)
where QY and QB−L represent the hypercharge and the B − L charge, respectively. The U(1)Y and U(1)B−L
gauge couplings are gY and g, respectively. Although the gauge mixing coupling g˜ appears in general, we set
g˜(Λ) = 0, because there is no gauge kinetic mixing term at the compositeness scale Λ. Noting that the operator
|H |2|χ|2 has a higher dimension than six at the compositeness scale Λ, we may neglect the scalar quartic mixing
λχH at Λ; i.e., we also set λχH(Λ) = 0.
In Eq. (11), the Stu¨ckelberg mass term is incorporated from the beginning unlike the conventional Z ′ model.
The existence of this term is essential in our formalism of the composite vector field.
The full set of the RGE’s for the U(1)B−L model is shown in Refs. [8, 9].
The key points of the RGE’s for the gauge and Yukawa couplings are
βg ≡ µ ∂
∂µ
g =
a
16pi2
g3, (13)
βy ≡ µ ∂
∂µ
y =
y
16pi2
[
by2 − cg2
]
, (14)
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with a = 12, b = 10, and c = 6, where we took Yjk = diag(y, y, y). The compositeness conditions, 1/g
2(Λ) =
1/y2(Λ) = 0, yield
1
g2(µ)
=
a
8pi2
ln
Λ
µ
,
1
y2(µ)
=
b
a+ c
1
g2(µ)
, (15)
where Λ is the compositeness scale. Note that the solution (15) corresponds to the infrared fixed point. In fact,
we can easily rewrite the RGE’s as follows:
(8pi2)µ
∂
∂µ
(
y2
g2
)
= b g2 · y
2
g2
(
y2
g2
− a+ c
b
)
, (16)
which is similar to the Pendleton–Ross type [10]. Strictly speaking, the asymptotic free theory (a < 0) was
studied in Ref. [10]. Thus the situation 1/g2(Λ) → 0 occurs in low energy unlike in the asymptotic nonfree
theory (a > 0). Owing to the nature of the infrared fixed point, even if we relax the compositeness conditions
to the nonvanishing ones, 1/g2(Λ), 1/y2(Λ)≪ 1, the RG flows are not changed so much.
The RGE for λχ is a bit complicated:
βλχ ≡ µ
∂
∂µ
λχ =
1
16pi2
[
20λ2χ + λχ(24y
2 − 48g2)− 48y4 + 96g4
]
, (17)
where we ignored the numerically irrelevant λ2χH term. Substituting the solutions (15) for g and y, we obtain
(16pi2)µ
∂
∂µ
(
λχ
g2
)
= 20g2
(
λχ
g2
− k+
)(
λχ
g2
− k−
)
, (18)
where k+ ≡ 225
(
9 +
√
546
) ≃ 2.589 and k− ≡ 225(9 − √546) ≃ −1.149. Thus the solution λχ/g2 = k+ is an
infrared fixed point. We can confirm that the analytical expression of the solution for λχ with the compositeness
condition, λχ(Λ)/y
4(Λ) = 0, is actually
λχ(µ) =
2
25
(
9 +
√
546
)
g2(µ), (19)
where we assumed positivity of λχ in any scale.
The Majorana Yukawa couplings and the quartic coupling of the extra composite scalar are proportional to
the U(1) gauge coupling and the coefficients are determined through the infrared fixed points. As a result, the
mass ratio of νR and χ is controlled by the nature of the infrared fixed point.
Let us take the vacuum expectation value (VEV) of χ as 〈vχ〉 = vχ/
√
2. Then the square of the masses of
νR, χ and Z
′ are
M2νR ≃ 2y2v2χ, M2χ ≃ 2λχv2χ, M2Z′ ≃ 4g2v2χ + g2f2 . (20)
We thereby find the mass relation between νR and χ as
Mχ
MνR
=
√
λχ
y
=
√
2(9+
√
546)
5
3√
5
≈ 1.2, (21)
owing to the nature of the infrared fixed points. In sharp contrast to the conventional approach for Z ′, we have
the contribution of the Stu¨ckelberg mass to MZ′ ,
∆ ≡ M
2
Z′
g2
− 4v2χ = f2 > 0 . (22)
If the experiments such as LHC and ILC observe ∆ > 0 and confirm g2/(4pi) & 0.015, it implies the composite-
ness of Z ′.
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IV. SUMMARY AND DISCUSSIONS
We investigated the possibility of the composite Z ′. We showed that the NJL model effectively induces the
Stu¨ckelberg model in low energy via the fermion bubble diagrams. In terms of the RGE’s, this correspondence
is realized by the compositeness conditions. We also showed that the RG flows are essentially controlled by the
infrared fixed points. The nature of the infrared fixed points gives the mass ratio, Mχ/MνR =
√
λχ/y ≈ 1.2.
In the composite Z ′ model, there are two contributions to the Z ′ mass: First is the VEV of χ, which is the
conventional one, and the second is the Stu¨ckelberg mass term. If g2/(4pi) & 0.015 is confirmed and also the
existence of this extra mass term, ∆ ≡ M2Z′/g2 − 4v2χ > 0, is established in future experiments [11], it will be
an evidence of the strong dynamics in high energy.
The scenario that the composite Z ′ boson generated around the Planck or the GUT scale survives in low
energy, of course, suffers from the naturalness problem. On the other hand, we may consider a scenario that the
masses of Z ′, χ and νR are not so far below the compositeness scale Λ. In this case, the seesaw mechanism [12]
can work. We here point out that the SM Higgs potential can be stabilized by the tree level shift of the Higgs
quartic coupling essentially generated by the Z ′ loop contribution [13]. We will study such a scenario elsewhere.
[1] M. Hashimoto, Phys. Rev. D 90, no. 9, 096004 (2014).
[2] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012); S. Chatrchyan et al. [CMS Collaboration], ibid.
B 716, 30 (2012).
[3] For comprehensive reviews, see, e.g., C. T. Hill and E. H. Simmons, Phys. Rept. 381, 235 (2003) [Erratum-ibid.
390, 553 (2004)]; G. Cvetic, Rev. Mod. Phys. 71, 513 (1999).
[4] There are many works in this direction: For example, M. Hashimoto, M. Tanabashi and K. Yamawaki, Phys. Rev.
D 64, 056003 (2001); ibid. D 69, 076004 (2004); V. Gusynin, M. Hashimoto, M. Tanabashi and K. Yamawaki, ibid.
D 65, 116008 (2002); M. Hashimoto and V. A. Miransky, ibid. D 86, 095018 (2012); ibid. D 80, 013004 (2009);
ibid. D 81, 055014 (2010); M. Hashimoto and K. Yamawaki, ibid. D 83, 015008 (2011); M. Hashimoto, ibid. D 81,
075023 (2010); ibid. D 83, 096003 (2011).
[5] E. C. G. Stueckelberg, Helv. Phys. Acta 11, 225 (1938).
[6] See for review, H. Ruegg and M. Ruiz-Altaba, Int. J. Mod. Phys. A 19, 3265 (2004).
[7] W. A. Bardeen, C. T. Hill and M. Lindner, Phys. Rev. D 41, 1647 (1990).
[8] S. Iso, N. Okada and Y. Orikasa, Phys. Lett. B 676, 81 (2009); Phys. Rev. D 80, 115007 (2009); L. Basso, S. Moretti
and G. M. Pruna, Phys. Rev. D 82, 055018 (2010); S. Iso and Y. Orikasa, PTEP 2013, 023B08 (2013).
[9] M. Hashimoto, S. Iso and Y. Orikasa, Phys. Rev. D 89, 016019 (2014); ibid. D 89, 056010 (2014).
[10] B. Pendleton and G. G. Ross, Phys. Lett. B 98, 291 (1981).
[11] D. Feldman, Z. Liu and P. Nath, JHEP 0611, 007 (2006).
[12] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, in Proceedings of the Workshop on the Unified Theory and
the Baryon Number in the Universe, edited by O.Sawada and A. Sugamoto, KEK, Tsukuba, Japan, p.95 (1979);
M. Gell-Mann, P. Ramond, and R. Slansky, in Supergravity, edited by P. Van Nieuwenhuizen and D. Z. Freedman,
North-Holland, Amsterdam, p.315 (1979).
[13] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, H. M. Lee and A. Strumia, JHEP 1206, 031 (2012).
